Introduction
Polymer light-emitting diodes (PLEDs) are attracting much attention due to their potential application in flexible or printable displays. There has been a growing demand for improvement in device performance. Recently, it was reported that introducing a thin interlayer of fluorene-triarylamine copolymers between a hole injecting layer, poly (3,4-ethylenedioxythiophen) doped with poly (styrenesulfonate) (PEDOT:PSS), and an emitting layer (EML) improve the device efficiency as well as the device lifetime [1] - [5] . It is, however, often observed that the insertion of the hole-transporting interlayer reduces current density of PLEDs. Since it has been reported that devices having a thin (~10nm) interlayer increase current [1] - [3] , [6] , the current reduction was understood in terms of the thickness of the interlayer. However, thermal treatment during the formation of the interlayer could also affect the current reduction apart from the thickness. This issue has not been studied since there was not a way to form the interlayer without thermal treatment.
We have developed a polymer thin film preparation technique, evaporative spray deposition using ultradilute solution (ESDUS) [7] . This method has been exhibited that a successive polymer layer can be deposited without damaging the preceding polymer layer even by use of the same solvent for each layer deposition [8] . Therefore, it is enable to construct polymer bilayer structure having fluorene-triarylamine copolymers layer prepared in various conditions.
In this report, we investigated the influence of the formation conditions of hole transport layer (HTL) on the characteristics of bilayer PLEDs using ESDUS to understand the mechanism of the interlayer. The thickness and the thermal treatment temperature of the layer determine the carrier balance of PLEDs.
Experimental
We used two conjugated polymers, poly(9,9-dioctylfluorene)-co-N-(4-butylphenyl)diphenylamine) (TFB; M w = 267,000 Sumitomo Chemical Co., Ltd.) and poly(9,9-dioctylfluorene-alt-benzothiadiazole) (F8BT; M w = 69,000 Sumitomo Chemical Co., Ltd.) ( Table I shows the thickness of HTL and EML and formation conditions.
Results and Discussion
Fig . 2 shows the current density-luminance-electric field characteristics of device A, B and C. The molecular weight Table I . Preparation conditions of polymer film. of TFB used in this research is so high that the thickness of the interlayer (20 nm) is relatively thick [4] . The resulting current density of the interlayer devices (device B) is lower than that of the single-layer devices (device A). Although, the current density of the bilayer devices (device C) having a thicker TFB layer (40 nm) than device B significantly increases compared with that of device A; and besides the luminance of device C to electric field is so larger than that of device A. The external quantum efficiency (EQE) of device C is 2 % throughout a current region as wide as four orders of magnitude, whereas those of device A and B show a gradual increase with the current density (Fig. 4) . Fig. 3 shows the current density-luminance-voltage characteristics of bilayer devices (device C, D and E), the HTL of which was formed in various conditions. The current density and luminance of device E having a thinner HTL (20 nm) than device C show the identical properties as those of device C, however, those of device D having the HTL annealed at 180 o C, which is temperature for preparing TFB interlayer, but having the same HTL thickness inferior to those of device C. The EQEs of device D and E are lower than that of device C in the low-current region and show a slightly gradual increase with current density though maximum EQEs are 2 %. We consider that the thermal treatment above T g of the TFB layer in device D would induce the degradation of hole injection/transport and that the thinner TFB layer in device E would have insufficient electron blocking. Comparison with characteristics of PLEDs having the TFB layer prepared in various conditions reveals that not only the thickness of the TFB layer but also preparation process of the interlayer, which needs the thermal treatment above T g , hinder hole injection/transport.
Conclusions
We have shown that the thickness and the thermal treatment temperature of HTL determine the carrier balance factor of bilayer PLEDs. The Interlayer is used, which is annealed above T g of interlayer polymer and rinsed with solvent, therefore, insoluble residue of polymer remains as the interlayer. The interlayer should be damaged in hole injection/transport properties. It is needed that the degradation of polymers by thermal treatment above T g is taken into consideration in case of construction bilayer PLEDs. 
